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Scalar-mediated graviton mass generation in spontaneous scalarized DNS binaries
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We propose the mechanism that gravitons radiated from double neutron star (DNS) binaries
acquire a mass term, owing to a mediation of massive scalar field. A scalarized DNS system, whose
dynamics is governed by scalar-tensor theory, undergoes a spontaneous symmetry breaking, arising
from the coupling of scalarized NSs to the gravitational scalar field and the scalar fluctuations.
The resulted Higgs-like potential endows the scalar field with a mass, where the scalar fluctuation
plays a role of the Higgs field. The Yukawa-like correction to the Newtonian potential of the binary
subsequently induces a mass term for gravitons during their propagations. We estimate the mass of
gravitons for 8 detected DNS binaries with more precise mass measurements, which is several times
of 10−24ev/c2 and mildly varies according to the compactness of scalarized NSs and the separation
between them. Because the gravitational massive scalar mode is suppressed on a scale of 109 m
by the Yukawa-like potential, we claim that the massive gravitons doesn’t suffer from the ghost
problem.
The scenario — It was remarked that the observed
orbital decay in a double neutron star (DNS) system,
PSR 1913+16, is more rapid than that predicted by gen-
eral relativistic quadrupole formula [1, 2], which was re-
lieved by the scalar-tensor theory [3]. By making an anal-
ogy with the spontaneous magnetization of ferromagnets
below the Curie temperature, an isolated neutron star
(NS), with a compactness of GmRc2
1 above a certain crit-
ical value, will exhibit a nontrivial configuration, and a
scalar field settles inside the NS [3, 4]. That is to say a
spontaneous scalarization occurs for the NS. As a result,
an external scalar field ϕ1 appears around the scalarized
NS, which triggers a scalarization of its companion, and
subsequently another external scalar field ϕ2 around the
induced scalarized NS. The dynamical interplay between
ϕ1 and ϕ2 is governed by a relation [5]
(n+1)ϕiB =
(0) ϕi +
(n)ϕj
r
, (1)
where the indices i, j = 1, 2 denote two NSs, and ϕiB is
the background field into which the NS i dips, (0)ϕi is the
initial external scalar field produced by the NS i, (n)ϕj
represents the nth induced scalar field around the NS j,
and r is the distance from the centre of the binary. The
feedback mechanism described by Eq. (1) results in an
iteratively induced scalarization between two NSs, which
enhances the strength of the external scalar fields. Ac-
cordingly, a convergence of ϕ1B and ϕ
2
B occurs, leading to
a gravitational scalar background field φ. Therefore, the
DNS is immersed in the gravitational scalar field φ, and
the dynamics deviates from Einstein’s general relativity,
which imposes an influence on the orbital evolution of
the binary system [6–8].
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1 m and R are the mass and radius of NS, respectively. G is the
Newtonian gravitational constant.
The dynamics of scalarized DNS binary is encoded not
only by the gravitational tensor metric, but also by a
gravitational scalar field. Scalar-tensor theory [6] of grav-
ity naturally becomes the alternative theory to Einstein’s
general relativity describing the scalarized binary system.
In this paper, we consider a minimally coupled scalar-
tensor theory and investigate the mechanism that the
spin-2 gravitons acquire a mass term due to the media-
tion of gravitational scalar field in scalarized DNS bina-
ries. Instead of the usual method of effective field theory
[9] that the graviton becomes heavy by eating Goldstone
bosons because of the break of general coordinate invari-
ance, we consider a potential, arising from the dynami-
cal coupling between the gravitational scalar background
field φ and the external scalar fields ϕiB of each NS, as
well as the self-coupling of φ. The iterative interplay
between ϕ1B and ϕ
2
B causes small scalar fluctuations σ
(σ ≪ φ), which in turn imposes a conformal transfor-
mation on both the tensor metric and the gravitational
scalar field φ. By applying the conformal transforma-
tion to the tensor metric and scalar field that mediate
the theory, the minimal coupling remains conformal in-
variant. The external background field ϕiB with mass
dimension, under the conformal transformation, intro-
duces a mass dimensional constant, which is responsible
for a spontaneous symmetry breaking. As a consequent,
the gravitational scalar field obtains a mass, in which
the fluctuation field σ plays the role of the Higgs field.
The massive scalar field contributes to Yukawa type of
corrections to the Newtonian potential of DNS binary,
which, on the one hand, imposes a suppression on the
propagation of massive scalar mode, and, on the other
hand, influences the propagation of gravitational waves,
endowing the gravitons with a mass.
The action — Neglecting the matter fields outside the
NSs, we consider the scalar-tensor action that describes
a DNS binary in vacuum,
S =
∫
d4x
√−g(M
2
pl
2
R− 1
2
gµν∂µφ∂νφ− V (φ)). (2)
2Here, Mpl =
√
1/8πG is the reduced Planck constant.
R and g are the Ricci scalar and the determinant of the
gravitational tensor metric gµν , respevtively. V (φ) is the
potential, consisting of the dynamical coupling of φ to
ϕiB and a self-coupling term of φ,
V (φ) =
α
2
(ϕiB)
2φ2 +
λ
4
φ4. (3)
Here, α is a dimensionless coupling constant and charac-
terizes the coupling strength between the scalarized NS
and φ, whose value depends on the compactness of the
NSs [3, 4, 6]. λ is the self-coupling constant, which is
roughly of the order of unity.
Considering the coupling between the scalar fluctua-
tion σ and the dynamical fields, i.e. the tensor metric
and the gravitational scalar field, we introduce a trans-
formation [10]
Ω(σ) = eλσ (σ ≪ 1), (4)
The metric is transformed according to
g∗µν = Ω(σ)
−2gµν ,
√−g∗ = Ω(σ)4√−g. (5)
By expanding the new metric g∗µν about a Minkowski
background in terms of Eq. (4) and Eq. (5), we express
them as
g∗µν = ηµν + h
∗
µν , h
∗
µν = hµν + 2ηµνλσ, (6)
where |hµν |, |h∗µν | ≪ 1. The Eq. (5) remains unchanged.
Applying Eq. (4) to φ, we get a new scalar field
φ∗ = Ω(σ)−1φ, (7)
and the kinetic term in action (2) is transformed into a
canonical kinetic term,
−1
2
√−ggµν∂µφ∂νφ = −1
2
√−g∗g∗µνDµφ∗Dνφ∗, (8)
Dµ ≡ ∂µ + λ∂νσ, (9)
which is scale-invariant. The transformed action then
reads
S∗ =
∫
d4x
√−g∗(M
2
pl
2
R∗ − 1
2
g∗µνDµφ∗Dνφ∗ − V (φ∗)).
(10)
The mass of gravitational scalar field — The solutions
of external scalar fields ϕiB for each component have mass
dimensions [11]. In the process of conformal transfor-
mation, the solution with mass dimension involves a di-
mensional constant µ, which appears in the transformed
scalar potential V (φ∗),
V (φ∗) =
α
2
µ2φ∗2 +
λ
4
φ∗4. (11)
The Planck scale constant µ =
√
1/8πGeff appears to be
related to the scalar charges of two scalarized NSs by the
effective gravitational constant Geff [6]. It is the appear-
ance of the mass-dimensional constant µ that contributes
to a process of spontaneous breaking of symmetry, which
allows us to apply the similar recipe to the Higgs mech-
anism in the standard model.
Actual NSs observed in DNS binaries, with important
deviations from general relativity in strong-field regime,
would develop strong scalar charges in the absence of an
external scalar field for enough negative values of α, i.e.
α < 0 [3–5]. The self-coupling constant λ is of the order
of unity, i.e. λ > 0. By considering that the interplay
between ϕiB is long-range force, the behavior of the grav-
itational scalar field φ∗ near spatial infinity endows it
with a vacuum expectation value (VEV)
φ20 = −
αµ2
2λ
, (12)
which is obtained from the condition dV (φ
∗)
dφ∗ |φ∗min = 0.
Expanding around the VEV (12), we write the gravita-
tional scalar background field as
φ∗ = φ0 + φ˜. (13)
Substituting the VEV (12) and Eq. (13) into the La-
grangian of φ∗ extracted from Eq. (10), we can get the
mass of φ∗,
m2s = −αµ2. (14)
The scalar-mediated mass term of gravitons — Varia-
tion of the transformed action (10), with respect to the
metric (5) and the new scalar field (7), yields the follow-
ing equations of motion (e.o.m.) in vacuum,
(R∗µν −
1
2
g∗µνR∗)M2pl = ∂µφ∗∂νφ∗ −
1
2
g∗µν(∂αφ
∗)2
+
α
2
µ2g∗µνφ
∗2 +
λ
4
g∗µνφ
∗4,(15)
✷g∗φ
∗ = αµ2φ∗ + λφ∗3, (16)
where ✷g∗ is the curved space d’Alembertian that is de-
fined by ✷g∗ =
√−g∗∂ν(
√−g∗g∗µν∂µ).
Let us expand the transformed scalar potential V (φ∗)
of Eq. (11) in a Taylor series about the VEV of φ∗ (12),
V (φ∗) = V (φ0) + V (φ0)
′φ˜+
1
2
V (φ0)
′′φ˜+ · · · . (17)
Considering the weak field perturbations of g∗µν expressed
by Eq. (6) and the gravitational scalar field Eq. (13), we
expand the field equations in weak field limit,
(R∗µν −
1
2
g∗µνR∗)M2pl = ∂µφ∗∂νφ∗ −
1
2
g∗µν(∂αφ
∗)2
+
1
2
m2s(φ
∗ − φ0)2g∗µν , (18)
(✷g −m2s)φ∗ = m2sφ0. (19)
3Here, we use the expansion Eq. (17) and just consider
the leading-order terms. The expanded field equations
that are consistent at all orders in (vc )
n is required. We
solve the e.o.m. of massive scalar field Eq. (19) in a
static spherically symmetric configuration, which yields
an exterior solution of φ∗ far from the DNS system,
φ∗ = φ0 + φ0Geff
Mr
r
e−msr, (20)
where Mr =
m1m2
m1+m2
is the reduced mass of DNS, and
m1 and m2 are the masses of two NSs in the binary.
Therefore, the mass ms is the ordinary mass parameter
in the Klein-Gordon equation (19) of φ∗, arising from the
Higgs-like potential (11). In the meanwhile, the mass of
φ∗ plays precisely a role in the Yukawa-like correction
∼ e−msr to the standard Newtonian form of gravitational
potential ∼ GMrr in the scalarized DNS binary system.
In order to obtain the e.o.m. of gravitons, we expand
the left-hand side of Eq. (18) in weak field limit, by
using the weak field perturbations of tensor metric Eq.
(6). Imposing the harmonic gauge ∂ν(h∗µν− 12ηµνh∗) = 0,
with h∗ = ηµνh∗µν , and neglecting the higher-order terms,
we rewrite the e.o.m. of gravitons as
− M
2
pl
2
✷ηh¯
∗
µν = ∂µφ
∗∂νφ
∗ − 1
2
ηµν(∂αφ
∗)2
+
1
2
m2s(φ
∗ − φ0)2ηµν , (21)
where h¯∗µν = h
∗
µν − 12ηµνh∗ and the flat-space
d’Alembertian ✷η = η
µν∂µ∂ν . Let us study the scalar-
mediated propagations of gravitons outside the scalarized
DNS binary. We substitute the solution of φ∗ (20) into
the e.o.m. of gravitons (21) and follow the gauge selec-
tion described in [12]. The e.o.m. of gravitons (21) has
the wave solutions
h¯∗µν = (
∫
dω
∫
d3k
(2π)3
Aei(
~k·~r−ωt)) ·
∞∑
n=−∞
φ∗n(~r)einσ.
(22)
Here, A denotes the amplitude of tensor gravita-
tional waves radiated from the orbital decaying DNS.
∞∑
n=−∞
φ∗n(~r)einσ is the Fourier expansion of the gravita-
tional scalar field φ∗, with the fluctuation fields σ, which
is converged by the nth induced scalar background nϕiB
of two NSs. φ∗n is in the form of exterior solutions (20).
From Eq. (22), we find that the propagation of gravi-
ton depends on five components, i.e. the space and time
coordinates (~r and t) in 4 dimensions, and a scalar com-
ponent as the 5th dimension. The Klein-Gordon equation
of gravitons (22) therefore reads
[✷− (k2 − ω2)− m
2
sφ0Geff
R˜
]h¯∗µν = 0, (23)
where R˜ is the semi-major axis of the elliptical DNS bi-
nary system. By defining
m2g =
m2sφ0Geff
R˜
, (24)
we find that the gravitons acquire a mass of mg. In the
scenario, the massive gravitational scalar field φ∗ modi-
fies the Newtonian potential of DNS and contributes to
a Yukawa-like one ∼ e−msrr , which imposes influence on
the propagations of tensor gravitational waves, via the
entrance of massive scalar component into the propaga-
tion of gravitational waves. Hence, the gravitons acquire
a mass. The scalar fluctuation σ is the only massless
field, which plays the role of Higgs-like field.
Ghost-free arguments — The gravitons, with mass de-
gree of freedom (d.o.f.), generally suffer from a central
problem – ghost instability, which has been widely dis-
cussed and attempted to solve in many ways [13]. When
we study the wave solutions for the propagation of h∗µν ,
the four constraint equations [12] along with four general
coordinate transformations generically remove the four
non-propagating components of the metric, with the bro-
ken general covariance, remaining six propagating modes.
However, the massive gravitons have five d.o.f., corre-
sponding to five physical modes of polarizations. The
remaining mode is a ghost. The e.o.m. of gravitons (21),
under the transverse-traceless gauge condition, propa-
gates six d.o.f., which contains a massive scalar mode.
From the wave solutions of gravitons (22), the gravita-
tional waves propagate in a 5-dimension-like space-time
near the binary system (r ∼ 109 m). The appearance of
massive gravitational scalar field modifies the interaction
between two NSs and produces a Yukawa-like potential
∼ emsr/r, which makes the massive scalar gravitational
field φ∗ exponentially decrease outside the DNS binary.
That is to say the significant effects of the massive scalar
field and the propagation of massive mode is screened in
a scale of binary system. The screening scale R˜ in turn
gives the massive scalar mode a characteristic range R˜−1.
The effects of Yukawa-like potential enter the solutions of
gravitational waves via the massive gravitational scalar
field and thus influence the propagations of h∗µν in the
near region of the binary, which endows the gravitons
with a mass. On the scale of DNS binary (r ∼ 109 m),
the radiated gravitational waves propagate six modes, i.e.
massive graviton with five physical d.o.f. and a massive
scalar mode that is screened in the binary system. While
on a large scale outside the binary (r ≫ 109 m), the
gravitational waves propagate with five modes of polar-
izations, corresponding to ghost-free massive gravitons.
Constraints from detected DNS binaries — According
to the expressions of (12) and (14), we rewrite the mass
of gravitons, Eq.(24), as
m2g = (−α)3/2µ3(2λ)−1/2Geff R˜−1. (25)
4It is found that the mass of graviton depends on three
quantities2, i.e. the separation of DNS system repre-
sented by R˜, the coupling strength between gravitational
scalar field and the NSs that is characterized by the di-
mensionless coupling constant α, and the scalar charges
that is related to both the Planck scale constant µ and
the effective gravitational constant Geff . Consequently,
the mildly varying mass of graviton rests with the intrin-
sic properties of the DNS, as well as the coupling strength
between the NS matter and the gravitational scalar field.
It was proven that nonperturbative strong-
gravitational-field effects developed in NSs for a
dimensionless coupling constant α . −4, which induced
order-of-unity deviations from general relativity [3].
The general properties of binary systems consisting of
scalarized NSs can be described by α & −4.5, because of
binary-pulsar measurements [14–16]. For α . −5, NSs
in binary pulsar, with mass of 1.4 M⊙, would develop
strong scalar charges even in absence of external scalar
solicitation, and a more negative value of α corresponds
to a less compact NS [4]. Most of the measured more
massive NS in detected DNS systems have masses
of ∼ 1.3 − 1.44M⊙ [17]. Consequently, the coupling
constant locates in a range of α = −5 ∼ −6 within
a quadratic coupling model described in Eq. (11) [4].
The scalar charges mildly vary with the compactness of
NSs [5] and will be ∼ 1 only in the last stages of the
evolution of NS binaries or close transient encounters.
For NSs in the 9 detected DNS systems, the scalar
charges are around 0.2 within solar-system bound [18]
in the Fierz-Jordan-Brans-Dicke (FJBD) theory, by
considering its dependence on the ”sensitivities” s ∼ 0.2
[19, 20]. Accordingly, the gravitons radiated in a DNS
binary with a semi-separation of 109 m have masses of
∼ 10−24ev/c2, which mildly vary with the compactness
of NSs and the separation between them.
i) PSR J1913+16 —The Hulse-Taylor system consists
of two pulsars with masses of m1 = 1.44±0.0006M⊙ and
m2 = 1.39± 0.0006M⊙. The orbital period is 0.323 day,
and an elliptical orbit has orbital eccentricity of 0.617.
According to Eq. (25), we can get that the radiated
gravitons have the mass of mg = 9.715× 10−24ev/c2.
ii) PSR J0737-3039A(B) — Another DNS binary sys-
tem, consisting of two pulsars, has a closed and ap-
proximate circular orbit with an eccentricity of 0.088.
The orbital period is 0.102 day. The measured masses
of two radio pulsars are m1 = 1.34 ± 0.010M⊙ and
m2 = 1.25± 0.010M⊙, respectively. Accordingly, we get
the radiated gravitons have mass of 3.356× 10−23ev/c2.
iii) PSR B1534+12 — An approximate equal-mass
DNS binaries with NS masses of m1 = 1.35± 0.0020M⊙
2 Noting that the self-coupling constant λ of gravitational scalar
field is of the order of unity.
andm2 = 1.33±0.0020M⊙. The two NSs orbit with each
other at an orbital period of 0.421 day on an elliptical or-
bit with an eccentricity of 0.274. The mass of graviton
thus is 1.292× 10−23ev/c2.
iv) PSR B2127+11C — Another approximate equal-
mass DNS binaries with NS masses of m1 = 1.35 ±
0.080M⊙ and m2 = 1.36± 0.080M⊙. The two NSs orbit
with each other at an orbital period of 0.335 day on an
eccentric orbit with eccentricity of 0.681. The estimated
mass of graviton is 1.408× 10−23ev/c2.
v) PSR J1829+2456 — A DNS with an orbital pe-
riod of 1.176 day shows low eccentricity of 0.139. The
masses of two NSs are m1 = 1.15
+0.1
−0.25M⊙ and m2 =
1.35+0.46
−0.15M⊙, respectively. Within the quadratic cou-
pling potential described by Eq. (11), the coupling con-
stant is α ∼ −6. Consequently, the mass of gravitons is
estimated as 7.106× 10−24ev/c2.
vi) PSR J1906+0746 —An approximate circular DNS
system have the similar properties with the system PSR
J0737-3039, which shows orbital period of 0.166 day. Ac-
cordingly, the mass of gravitons is 2.427× 10−23ev/c2.
vii) PSR J1811-1736 — A very wide DNS binary has
an orbital period of 18.8 days and a very eccentric orbit
with an eccentricity of 0.828. The two NSs have masses of
m1 = 1.5
+0.12
−0.4 M⊙ andm2 = 1.06
+0.45
−0.1 M⊙. The gravitons
from the system is mg = 1.063× 10−24ev/c2.
viii) PSR J1756-2251 — The system has NSs masses
of m1 = 1.40
+0.04
−0.06 and m2 = 1.18
+0.06
−0.04, an orbital period
of 0.320 days, and an eccentricity of 0.181. The mass of
gravitons radiated from this system is 1.574×10−23ev/c2.
Final remarks — When we estimate the mass of gravi-
tons for the above 8 detected DNS binaries, we use the
assumption of a quadratic coupling between the scalar
field and NS matter. If the coupling form is changed, we
may get a different coupling strength, as well as the mass
of gravitons. Therefore, the value of graviton mass in 8
DNS systems we estimated is model-dependent.
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